Break-induced replication (BIR) refers to recombination-dependent DNA synthesis initiated from one end of a DNA double-strand break and can extend for more than 100 kb. BIR initiates by Rad51-catalyzed strand invasion, but the mechanism for DNA synthesis is not known. Here, we used BrdU incorporation to track DNA synthesis during BIR and found that the newly synthesized strands segregate with the broken chromosome, indicative of a conservative mode of DNA synthesis. Furthermore, we show the frequency of BIR is reduced and product formation is progressively delayed when the donor is placed at an increasing distance from the telomere, consistent with replication by a migrating D-loop from the site of initiation to the telomere.
H omologous recombination (HR) is an important mechanism to repair DNA double-strand breaks (DSBs) that occur spontaneously during cell growth or following exposure to DNA damaging agents (1) . HR relies on the presence of a homologous duplex to template repair of the broken chromosome and is generally considered to be an error-free mechanism. However, HR can lead to a local loss of heterozygosity (LOH) if the recombining sequences are not identical, and to extensive LOH if repair is associated with a crossover between chromosome homologs. Furthermore, if a repeated sequence at an ectopic site is used as the sequence donor and recombination is associated with crossing over, translocations can occur (2, 3) . When both ends of the DSB share homology with the donor duplex sequence, HR proceeds by a two-ended mechanism, such as DSB repair or synthesis-dependent strand-annealing (SDSA) (4) (5) (6) . However, if coordination of the two ends is not maintained or only one end of the break is available, such as at a critically short telomere, repair can occur by break-induced replication (BIR) (7) . In this case, following strand invasion replication occurs to the end of the chromosome to generate a stable repaired product (8, 9) . This process can cause very long gene conversion tracts and significant LOH, and nonreciprocal translocation if invasion occurs at a dispersed repeated sequence (10) .
The repair of DSBs by HR requires the 5′-3′ nucleolytic degradation of the DNA ends to form invasive 3′ single-stranded DNA (ssDNA) tails (1) . The 3′ ssDNA tail created by end resection is bound by Rad51 to form a nucleoprotein filament that searches for homology and promotes pairing between the ssDNA bound by Rad51 and complementary sequence in the donor duplex forming a D-loop intermediate. The invading 3′ end is then used to prime DNA synthesis templated by the donor sequence. If the invading 3′-tail is displaced by helicases and anneals with the other end of break, repair by SDSA results in noncrossover products. If the second end of the break is captured by the D-loop, a double Holliday junction can be generated after DNA repair synthesis and ligation. Double Holliday junctions can either be dissolved by the Sgs1 helicase and Top3 topoisomerase to form noncrossover products or resolved by endonucleases to generate crossovers or noncrossovers (2, 11, 12) . To complete two-ended repair, two short tracts of leading strand DNA synthesis are required, whereas BIR requires extensive leading and lagging strand DNA synthesis (13, 14) .
The mechanisms that limit the extent of DNA synthesis during gene conversion repair, but promote extensive DNA synthesis in BIR are poorly understood. Previous studies have shown that BIR can involve multiple rounds of strand invasion and dissociation, suggesting repair might occur by progressive extension of the invading 3′ end until the chromosome terminus is reached, with lagging strand synthesis initiating on the nascent displaced strand ( Fig. 1) (10, 15, 16) . Nonetheless, the requirement for the replicative minichromosome maintenance helicase and lagging strand synthesis components to detect early BIR intermediates suggests BIR might involve assembly of a replication fork for semiconservative synthesis, as in normal S-phase replication (13, 17) . Here, we developed a chromosomal system to monitor BIR by genetic and physical methods. We show BIR is an efficient process if the donor sequence is located close to the telomere, but the frequency is reduced and product formation is progressively delayed when the donor is placed at an increasing distance from the telomere. By using BrdU incorporation to track DNA synthesis during BIR, we found that the newly synthesized strands segregate with the broken chromosome. These observations are most consistent with a conservative mode of DNA synthesis via a migrating D-loop.
Results
Efficiency and Kinetics of BIR Depend on the Distance from the Site of Strand Invasion to the Telomere. BIR events can best be detected by creating a DSB where just one of the two ends can undergo homology-dependent strand invasion (9, 13, 18) . To model this reaction we designed a chromosomal substrate by inserting a recipient cassette with a 3′ truncated lys2 gene (lys), a 36-bp homothallic switching (HO) endonuclease cut site (HO cs), and KanMX to confer resistance to geneticin (G418), 34 kb from the left telomere of chromosome (Ch) V. There are no essential genes distal to the site of the insertion (13, 19) . A donor cassette comprised of TRP1 and a 5′ truncation of lys2 (ys2) was inserted 15 kb from the telomere of Ch XI ( Fig. 2A) . The truncated lys2 genes share 2.1-kb homology. These donor and recipient cassettes were incorporated into a haploid strain capable of expressing the HO endonuclease from a galactose-regulated promoter, with the MATa-inc allele to prevent cleavage at the endogenous HO cs, and that constitutively expresses the Herpes Simplex Virus thymidine kinase gene to enable incorporation of the thymidine analog BrdU into DNA (20) . An additional control strain was constructed with only the recipient cassette (no donor). After DSB formation, the lys sequence should invade the donor cassette and copy to the end of Ch XI, forming a Lys DSB lacks homology to sequences in the yeast genome and is degraded, resulting in loss of the KanMX gene.
The frequency of BIR was determined by the plating efficiency of cells on galactose-containing medium (YPGal, HO on) relative to medium with glucose (YPD, HO off). The plating efficiency of cells with the 15-kb donor cassette was high (∼90%), and >99% of the colonies formed on YPGal plates were Lys + and sensitive to G418, as predicted from formation of the BIR product ( Fig. 2 A and B) . In contrast, the plating efficiency of the no donor strain was <1% and Lys + colonies were not recovered. No Lys + products were formed from a rad51Δ derivative of the 15 kb donor strain, and the frequency of BIR was reduced by 18-fold in the pol32Δ mutant, consistent with previous studies (Fig. 2B) (8, 13, 21, 22) .
We constructed a strain with the donor cassette inserted 70 kb from the Ch XI telomere with the expectation this would provide a more sensitive system for BrdU incorporation because of the additional amount of DNA to be synthesized (Fig. 2C) . However, the BIR frequency of the 70-kb donor strain (∼70%) was significantly lower (P < 0.03) than the 15-kb donor (Fig. 2B) . The difference in the BIR frequency between the 15-and 70-kb donor strains could be because of the amount of DNA synthesis required to reach the telomere, or because of different sequence contexts of the donor cassette. To determine whether the extent of synthesis is correlated with BIR frequency, the donor cassette was inserted on different chromosomes at varying distances from the telomere (Fig. 2C) . Insertion of the donor 20 kb from the Ch VI telomere yielded a similar BIR frequency to the 15-kb Ch XI donor, the 60-kb Ch I donor behaved similarly to the 70-kb Ch XI donor, and the lowest BIR frequency was obtained for the Ch I 128-kb donor (Fig. 2B) . These results support the notion that BIR frequency is length-dependent, as suggested previously (13) .
BIR Is Optimal in Cells Released from a G 1 Arrest. To identify optimal conditions for BIR, we arrested cells in G 1 with α-factor and released them into S-phase at the time of HO induction or measured BIR in G 2 -M arrested cells. BIR was monitored physically using PCR primers unique to Ch V and Ch XI (P1 and P2) to detect the strand invasion product, which was normalized to the product obtained from control (C) primers that amplify sequences 66-kb centromere proximal to the DSB ( Fig. 2A) . The efficiency of HO cutting was determined using primers flanking the HO cs (D1 and D2). Cells released into S-phase exhibited BIR products 2-4 h after HO induction, whereas cells arrested in G 2 -M showed a delay and reduced yield of BIR products ( Fig. 3 A and C). Consistent with the genetic assay, BIR products were not detected in the rad51Δ mutant, and the yield of BIR products was considerably higher for the 15-kb donor compared with the 70-kb donor ( Fig. 3 B and D) . The frequency of BIR determined by PCR was lower at the 6-h time point than detected by the genetic assay for the 15-and 70-kb donor strains, but showed the same trend. However, the yield of PCR product from the pol32Δ mutant was higher than predicted from the genetic assay and could correspond to aborted products. The reduced efficiency of BIR observed for G 2 -M arrested cells could be a result of lower levels of replication proteins and nucleotides at this phase of the cell cycle. For G 1 -released cells, there could be higher levels of these factors present when BIR initiates, even though cells are arrested in G2 by the time BIR products are detected. Alternatively, if HO cuts the two sister chromatids asynchronously and the cut sister engages in unproductive repair with the uncut chromatid, this might result in delayed repair by BIR (23) .
In principle, amplification of genomic DNA with the P primers should detect extension of the invading strand by only 278 nucleotides; thus, we expected the initiation of BIR to occur with the same kinetics for the 15-and 70-kb donor strains because the recipient and donor cassettes are the same. However, the initial detection of the BIR PCR product for the 70-kb donor strain was delayed by 1-2 h compared with the 15-kb donor (Fig. 3A) . To verify the PCR results, genomic DNA from the 15-and 70-kb donor strains that had been released from G 1 arrest at the time of HO induction was digested with EcoRV to detect BIR products by Southern blot hybridization ( Fig. 3 E and F) . To detect BIR products by restriction digestion, both strands must be synthesized. The kinetics of product formation mirrored the results with the PCR assay, suggesting that the BIR intermediate can only be amplified by PCR once it has become double-stranded.
To confirm formation of a full-length nonreciprocal translocation product by BIR, intact chromosomes from cells with the 15-kb donor were separated by pulsed-field gel electrophoresis (PFGE) for Southern blot analysis using a probe to a sequence 9.8 kb from the telomere of Ch XI. Only the donor Ch XI (667 kb) and BIR-repaired Ch V (561 kb) are able to hybridize with the probe (Figs. 2A and 4A ). The repaired product was detected at 3-4 h for the G 1 -released cells and at 6 h for the G 2 -M arrested cells (Fig. 4A and Fig. S1 ). Repaired products were not detected from the donorless strain.
Preferential Incorporation of BrdU into the Recipient Chromosome.
Because BIR was optimal for cells released from G 1 , these conditions were used to monitor BrdU incorporation for the Ch XI 15-kb donor strain. HO was induced at the same time cells were released from G 1 and BrdU was added to the culture 2 h after HO induction at the time bulk DNA synthesis had completed and BIR synthesis had initiated (Fig. S2) . The DSB maintains a G 2 -M arrest for 4-6 h after HO induction and cells progress to G 1 after repair (Fig. 3A) . Because early-repairing cells entering the next cell cycle would incorporate BrdU during normal DNA synthesis, α-factor was added to the culture 2 h after BrdU to arrest cells at the subsequent G 1 phase. Semiconservative DNA synthesis would be expected to result in BrdU incorporation in both donor and recipient chromosomes, whereas by a conservative mode of DNA synthesis BrdU would be associated with only the recipient chromosome. Following PFGE to resolve intact chromosomes, we found that BrdU was incorporated preferentially into the recipient chromosome (Ch V and Ch VIII comigrate by PFGE) (Fig. 4B) . To control for background incorporation into Ch V and XI because of some late-replicating cells in the population, the rad51Δ and no donor strains were used. The ratio of BrdU incorporation for Ch V-VIII/Ch XI was ∼0.5 for the control strains and 2.5 for the experimental strain, the fivefold increase in BrdU incorporation into the recipient chromosome is most consistent with a conservative mode of DNA synthesis (Fig. 4C) . When the donor cassette was located 60 kb from the telomere of Ch I, we also detected preferential incorporation of BrdU into the recipient chromosome, indicating that conservative synthesis is a general feature of BIR and not restricted to subtelomeric regions (Fig. 4  D and E) . The detection of BIR products by PCR was delayed for the 60-kb donor strain compared with the 15-kb donor, and final yield lower, consistent with data for the 70-kb donor strain (Fig. S3) .
Discussion
We show BIR can be an efficient mechanism of DSB repair when it initiates in S-phase cells and the extent of synthesis is less than 20 kb. The delayed repair noted in a previous study might be because of the location of the donor sequence ∼100 kb from the telomere (24) or use of G 2 -M arrested cells (13) . DNA is synthesized by a conservative mechanism during BIR, consistent with formation of a migrating D-loop and lagging strand synthesis initiating on the nascent strand, similar to a classic mechanism envisioned for bacteriophage T4 recombination-initiated DNA synthesis (25) . The need for the D-loop to migrate to the chromosome terminus could explain the decreased BIR efficiency when the donor cassette is placed at increasing distance from the telomere. Chromatin remodeling is likely to be required for the D-loop to traverse long distances and initiation of lagging strand synthesis could be limiting to complete BIR synthesis. We cannot rule out the possibility that sequences within 30 kb from the telomere have greater mobility increasing the frequency of pairing; however, this does not explain the decreased BIR frequency for the 128-kb donor compared with the 70-kb donor.
Gene conversion repair also occurs by a conservative mode of synthesis, suggesting BIR bears closer resemblance to other recombination events than to normal DNA synthesis (26, 27) . DNA synthesis during BIR and gene conversion is more mutagenic than normal S-phase synthesis, and the mutational spectrum is similar for both processes, consistent with a common mechanism. Any errors generated during BIR leading-strand synthesis would become fixed by second-strand synthesis with no opportunity for mismatch correction because of the absence of a heteroduplex intermediate. BIR is a rare outcome for repair of a two-ended DSB (11, 28, 29) , presumably because of the possibility of increased mutagenesis over tens of kilobases, in addition to the potential for extensive LOH or nonreciprocal translocation. Mechanisms to ensure repair of two-ended DSBs by gene conversion could be defective in aging or cancer cells, contributing to genome instability (30) .
For gene conversion repair, the nascent strands are primed from the two 3′ ends. However, during BIR there is only one end to prime the nascent leading strand and the second strand must be generated by a different mechanism. It is currently unclear how lagging-strand synthesis initiates on the nascent ssDNA extruded from the tail end of the D-loop during BIR. If priming were a stochastic rate-limiting step it could explain the lengthdependent delay in the detection of BIR products. Repriming of DNA polymerase can occur at random sites downstream of a lesion on the leading-strand template in an Escherichia coli reconstituted system (31), suggesting a similar mechanism might operate during BIR with only a few priming events on the nascent displaced strand. If the nascent strand extruding from the D-loop remains ssDNA for some time, it might be susceptible to degradation leading to a reduction in repair efficiency, particularly for longer templates. Depletion of replication protein A (RPA) from cells results in decreased stability of ssDNA because of formation of secondary structure and cleavage by endonucleases (32) . The three genes encoding RPA are periodically transcribed with a peak at the G 1 /S boundary (33); thus, the greater abundance of RPA in S phase could contribute to the increased efficiency of BIR when it initiates in S compared with G 2 -arrested cells.
Previous studies showed BIR could occur by several cycles of displacement of the extended invading strand from the D-loop and reinvasion (10, 16) . The observation of conservative DNA synthesis during BIR is in agreement with these studies. The displaced extended end could be subject to degradation, resulting in reduced BIR frequency, particularly in assays that use donor and recipient cassettes with limited homology (13, 24) . The assay described by the Deem et al. uses a Ch III disome with extensive homology at the centromere proximal side of the HO-induced DSB and BIR occurs with greater efficiency than limited-homology assays, even though the donor is >100 kb from the telomere (21) . A URA3 marker inserted 3-kb upstream of the HO-induced DSB on the recipient chromosome was frequently lost during BIR in agreement with the proposal that degradation of the 3′ extended invading strand may limit BIR (9) . The frequency of BIR could be increased in cells that overexpress Rad51, consistent with the need to protect the displaced ssDNA from nucleases and to promote reinvasion (34) .
Materials and Methods
Construction of Yeast Strains. All strains are derivative of W303 (leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15) (Table S1 ). To generate the BIR assay system, the native LYS2 locus (Ch II 474,781-469,689) was first replaced with a NatMX4 cassette in a strain containing MATa-inc, GAL-HO integrated at the ade3 locus and URA3::GPD-TK7 (20) . The recipient and donor cassettes that had been amplified by PCR from engineered lys2 recipient and donor plasmids were then integrated at the desired chromosome locations. The PCR products were designed with 40-bp flanking homology to direct homologous integration. The recipient plasmid contains an XmaI-BglII 36-bp synthetic HO cut site (HOcs) (AGTTTCAGCTTTCCGCAACAGTATAATTTTA-TAAAC) cloned upstream of the KanMX6 marker in a pfA6aKanMX6 plasmid (35) . A fragment of the LYS2 gene lacking the 3′ end was then cloned upstream of HOcs-KanMX6. The donor plasmid contains a fragment of the LYS2 gene lacking 5′ sequences inserted downstream of the TRP1 marker in pRS404 (36) . All targeted chromosomes have the recipient and donor lys2 fragments with the same polarity on the left chromosome arms.
Determination of BIR Frequency. Cells were grown to exponential phase in 1% yeast extract, 2% peptone, 2% raffinose (YPR), and then plated on rich medium (YP) containing 2% glucose or 2% galactose (wt/vol). Colonies were counted after 3 d and were then replica plated onto synthetic complete (SC) medium lacking lysine or YPD containing geneticin. Cell viability after HO induction was determined by dividing the number of CFUs on YPG by that on YPD. The percentage of cells repairing by BIR was determined by dividing the number of Lys + by the number of YPG CFU, and then normalized to the number of CFU on YPD. Approximately 1% of cells remained Lys − geneticin r following growth on YPG because of repair by nonhomologous end-joining. BIR frequencies were determined at least three times for each strain.
Cell Synchronization and Flow Cytometry. For G 1 release experiments, cells were presynchronized in G 1 with α-factor (0.5 μg/mL) and then treated with pronase-E (0.1 mg/mL) for 5 min at room temperature, washed twice with YP, and then released in fresh YPR + 2% galactose medium. Cells were arrested in G 2 /M with 15 μg/mL nocodazole. DNA content was analyzed using a LSR Fortessa (Becton-Dickinson) cell analyzer and FlowJo software.
Detection of BIR Products by PCR and Southern Blot Hybridization. For PCR analysis, 25 ng of genomic DNA was amplified for 25 cycles (determined to be within the linear range). PCR reactions were subject to electrophoresis through 1% agarose and quantified using Bio-Rad Quantity One software. The percentage of BIR product formed (primers P1 and P2) was determined by dividing the BIR product signal to that amplified from an independent locus 66-kb centromere proximal to the DSB on chromosome V (primers C1 and C2) obtained in the same reaction and then normalized to the ratio from a Lys + colony (100% BIR) and plotted against time. At least three PCR reactions were performed for each strain. DSB formation was monitored using primers D1 and D2. The percentage of DSB formation was obtained by dividing the DSB signal to that amplified from the control primers obtained in the same reaction and then normalized to the ratio obtained before galactose addition. Genomic DNA was digested with EcoRV for Southern blot hybridization.
Analysis of BIR by PFGE. Samples for PFGE were obtained from 30-mL aliquots of cultures. Plugs containing lysed cells were prepared as described previously (37) . Chromosomes were separated by electrophoresis through 1% agarose at 6 V in 0.5× Tris-borate-EDTA at 14°C for 24 h (initial time = 45 s, final time = 95 s) using a CHEF-DR II Pulsed-Field Electrophoresis system (Bio-Rad). Gels were stained with SYBR gold (Molecular Probes), and the chromosomes were then transferred to nylon membranes. To assay for the completion of BIR, membranes were probed with a 1.3-kb PCR product generated by amplification of sequences 9.8-11.1 kb from the left telomere of Ch XI.
Western Blot to Detect BrdU Incorporation. BrdU incorporation was detected by overnight incubation of the membrane with monoclonal antibodies sc-56255 (2B1; Sigma) diluted 1:100 in 1× PBS1; 0.1% X-tween 20; 5% dried milk. The BrdU intensity was calculated by comparing the ratio of the repaired recipient Ch V signal to the corresponding donor Ch XI signal, using Bio-Rad Quantity One software.
